Efficiency-limiting defects in photovoltaic devices are readily probed by time-resolved spectroscopy. This paper presents the first direct optical measurements of the relaxation and recombination pathways of photoexcited carriers in the CdS window layer of CdTe/CdS polycrystalline thin films. We utilize the complimentary techniques of femtosecond time-resolved differential absorption (TRDA) and picosecond time-resolved photoluminescence (TRPL) to determine the relaxation and recombination mechanisms in these films. Comparison between samples with systematic variations in their CdS layers leads to several conclusions.
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Inter diffusion across the CdTe/CdS interface in thin film solar cells has recently attracted a great deal of attention in the photovoltaics community. It is currently unclear whether this effect is beneficial or detrimental to overall cell efficiency. If the composition is smoothly graded across the interface one would expect a reduction of the interface defects caused by lattice mismatch. On the other hand, bandgap reduction in the CdS layer appears to cause a loss of quantum efficiency in the 500 to 600 nm range. An issue which has yet to receive much attention is the effect of tellurium in CdS in concentrations below 1%. This paper focuses on the issue of low collection effficiency for carriers excited by photons in the spectral region above the CdS window-layer band-gap [I] . The standard viewpoint is that the CdS window layer is a dead layer for photoexcited carriers [2] . We can postulate two reasons for this dead layer effect. First, the CdS layer is highly doped, hence the depletion region is only a small fraction of the CdS thickness. Second, without the electric fieid of the depletion region, carrier collection is inefficient because of a very short hole diffusion length due to high defect densities in CdS. If the diffusion length can be increased through a reduction in defect density one may reasonably expect increased current collection from carriers photoexcited in the CdS layer.
EXPERIMENTAL Sample Growth and Preparation
The samples used in this study consist of a set of four RF magnetron sputter-deposited CdTe/CdS thin films on 7059 glass. The samples are identical except for the thickness of their CdS window layers. The CdS thicknesses are; 210nm, 140nm, 70nm and 42nm. The substrate temperature for both the CdS and the CdTe deposition was about 360° C. The CdS is sputtered at 25 to 30 W of ti power in 18 mT of argon gas with the substrate temp of 360° C.
The CdS thickness is monitored, in situ, by optical transmission at 458 nm and the growth is stopped at the desired thickness. After sputtering the CdS, the sample and heater are immediately rotated 180 degrees and the CdTe sputtering is started within about 5 minutes. There is no H2 or CdCI2 treatment of the CdS prior to CdTe growth. After the 2 micron layer of CdTe is deposited, CdCI2 is applied by laser ablation deposition at a substrate temp of -2OOO C followed by anneal in air at 400° C for 15 minutes. The samples were prepared for optical transmission measurements by etching in a 2% bromine-methanol solution until approximately 200nm of the CdTe absorber layer remained. Additional samples used for comparison purposes were a chemical-bath-deposited (CBD) COS layer on 7059 glass, and closed-space-sublimation (CSS) CdTe deposited on CBD CdS.
Time-resolved Spectroscopy
Two complimentary techniques were utilized in this study. In both cases photoexcitation was through the glass substrate at a wavelength of 400 nm with a photon flux per pulse of 4 x l o f 3 cm-2. The CdS absorption coefficient at 400 nm is greater than lo5 cm-', hence 50 to 80% of the incident photons are absorbed in the CdS layer. This produced an initial photoexcited carrier density in the CdS layer ranging from 2 to 4 x 10l8 ~m -~, dependent upon the CdS thickness. The laser repetition rate was 200 kHz and pulse length was 150 fs. For the time-resolved differential absorption measurements we used a pumplprobe technique [3] . Carriers were photoexcited by the 150 fs, 400 nm pump pulse. The sample transmission is then measured by a timedelayed broad-band white light continuum (WLC) pulse. The differential absorption signal is then computed by subtracting the probe transmission with pump on and with pump off. The differential absorption signal is a measure of absorption changes due to occupation of the initial and/or final states involved in the optical absorption process. Time resolution is determined by the cross-correlation of the pump and probe pulses. Our time resolution is 250 fs.
The second technique we have applied is time-resolved photoluminescence using standard time-correlated single photon counting methods [4] . Time resolution is 20 ps using deconvolution techniques. We have measured PL as a function of time and wavelength at both 293 K and 5 K.
These measurements were performed under excitation conditions identical to those described above for TRDA. We have also studied the PL spectrum as a function of excitation density.
Tim e-Resolved Differential Absorption
TRDA monitors the time and energy evolution of the photoexcited carrier distribution after initial excitation. Fig.  1 shows the differential absorption signal for samples 303, 304, 305 and 306 ( 21 0, 140, 70, and 42 nm CdS thickness, respectively) for a delay time of 50 ps after photoexcitation. The prominent peak at 494 nm for samples 303 and 304 corresponds very well with the room temperature bandgap of 2.51 eV for CdS [5] . This peak is very weak for sample 305 and non-existent for sample 306. Each sample also has a lower energy peak. For the two thicker samples this peak is CdS bandgap. All of these samples show similar temporal dependencies of the TRDA signal. Both peaks rise together and reach their maximum amplitude within 2 or 3 ps. The high energy peak decays with a time constant of 600 to 1000 ps while the lower energy peak decays in 100 to 500 ps. For comparison purposes we have also performed these measurements on a CSS CdTeKdS sample with a CdS thickness of 140 nm and a 140 nm CBD CdS layer which had undergone a 400° C post-growth heat treatment in H2 gas. The CSS CdTe/CdS sample displayed behavior very similar to that demonstrated by the four RF-sputtered samples. We measured a fast initial rise followed by a relatively slow decay with peaks at 488 and 535 nm. In this case the lower energy peak had a FWHM of 80 nm as opposed to 40 to 50 nm for the RF-sputtered samples. In contrast the CBD CdS sample had only one peak centered at 510 nm. The temporal behavior of this peak is very similar to the 5 CdTe/CdS samples.
Photoluminescence
Photoluminescence spectra are strikingly different from the TRDA spectra. For the CdTe/CdS samples there is virtually no overlap at all in the spectra between PL and absorption. Fig. 2 presents the 293 K PL spectra for samples 303,306 and the CBD-CdS. The domina'nt PL peak for 303 (210 nm CdS) is a broad peak centered at approximately 750 nm or 1.65 eV. In sample 306 (42 nm CdS) the 750 nm peak is just a shoulder on the dominant 845 nm emission from the CdTe layer. This is consistent with a trend we see in all four CdTe/CdS samples. The relative intensities of CdS and CdTe PL approximately track with the percentage of the 400 nm light which is absorbed in each layer.
We have been able to observe band-to-band PL from the CdS only under intense CW excitation at 10 K. In this case the dominant peaks are at 1.75 and 2.05 eV. Smaller peaks are observed at 2.45 and 2.53 eV. We believe the differences between CW and pulsed PL spectra are due to the presence of a very high density of traps. In the pulsed measurements these traps have time to empty during the 20 microseconds between pulses, whereas the continuous high-density excitation in the CW measurement eventually fills up the traps, facilitating the observation of band-toband PL. In addition to the spectral dependencies discussed above we have also observed time-resolved PL from 500 nm to 900 nm. The PL lifetime is less than the 20 ps time resolution for all wavelengths shorter than 600 nm. The lifetime at the peak of the 750 nm PL is on the order of 300 ns and varies somewhat from sample to sample and with excitation density. For wavelengths between 750 and 600 nm there is a continuous variation of lifetime between the values discussed above.
Discussion
The most puzzling part of the results described above is the complete absence of photoluminescence at wavelengths where the TRDA measurement shows peaks with lifetimes on the order of 1 ns. One possible explanation is that only one type of charge carrier remains in energy states at or near the band edge. There would still be a signal in TRDA because of occupation of either the initial or final state involved in the absorption process. On the other hand, there would be no PL because radiative recombination requires both electrons and holes. Since the CdS is n-type we expect that there are always electrons present in the conduction band. We are led to conclude that the hole lifetime in the valence band is only a few tens of picoseconds at most. One possible cause for this is holes being captured in traps faster than they can recombine with the majority electrons. We will explore this idea further after discussing additional evidence.
A second discrepancy which must be reconciled is the absence of TRDA signal at wavelengths where there is a strong PL signal. This will occur if either the initial or final state involved in the PL transition is not available for an absorption transition. This situation does occur in the Frank-Condon effect. According to the Franck-Condon principle, the energy of a localized state in the gap depends on whether or not the state is occupied [6] . If the state is occupied by a hole (or electron), an additional polarization of the lattice takes place and the defect finds a new equilibrium position in the lattice. Defect states deep in the band gap are strongly coupled to the lattice because they are highly localized [7] . In addition, the Franck-Condon effect is more pronounced in the Il-VI semiconductors because of their highly ionic lattice structure [8] . It This leads to the following model to describe the dynamics we have observed. After photoexcitation the holes are very rapidly captured by deep traps. Upon capturing a hole the defect participates in a lattice relaxation which reduces its energy further. It is this final energy state of the defect which participates in the radiative recombination process which produces PL in the broad 750 nm band. Since this energy level exists only when the defect site is occupied by a hole it is never available for a radiative absorption transition. This explains the absence of TRDA signal at the PL peak energy.
Donor-Acceptor-Pair Recombination
Sub-band gap PL in Il-VI semiconductors was extensively studied in the 1960's and 70's [9] . Almost all II-VI semiconductors exhibit strong donor-acceptor-pair (DAP) photoluminescence at energies much lower than the band gap. Recombination between two localized states produces several very specific properties [IO]. The energy of the PL photon is given by the following equation.
Where EG is the band-gap energy, and ED and EA are the donor and acceptor binding energies, respectively. The last term accounts for the repulsive coulomb interaction between the two centers, where q is the electron charge, eo is the static dielectric constant, and r is the distance between the donor and acceptor pair. Because the donor and acceptor are localized at lattice sites, r can only take on discrete values. This can lead to a series of sharp lines in the PL with the highest energy PL coming from the closest donor-acceptor pairs. This effect was first observed in GaP [ill. In contrast, the more ionic Il-VI semiconductors produce only broad, structureless DAP PL spectra because defect states are very strongly coupled to the lattice [12] .
The radiative transition probability for DAP recombination depends exponentially on the donoracceptor-pair separation. Closer pairs have a greater overlap, hence a faster recombination rate. In TRPL the closer pairs, which emit in the short wavelength portion of the DAP PL band, will recombine first. As time increases more and more of the PL will come from distant pairs. Thus the DAP peak will shift towards lower energies as time increases. This effect has been confirmed for many semiconductors including CdS. As excitation density is varied we also expect to observe a shift in the DAP PL peak. Higher excitation density will favor recombination from more closely spaced pairs, hence the DAP PL peak should shift to higher energies with higher excitation [12] .
We have measured PL spectra in our samples both as a function of time and intensity. Fig. 3 shows the excitation and time-dependence of the peak position for sample 303. We can see that the peak position shifts by over 50 nm in both cases. The fact that the peak shift occurs across the same wavelength range is good confirmation that the 750 Peak Wavelength (nm) Fig. 3 Dependence of PL peak wavelength on injection density and on decay time for sample 303. The densitydependence measurement is quasi-CW and the timedependence is measured at a density of 4el8 .
nm PL peak in these samples is due to DAP recombination. We have observed the temperature-dependence of the PL peak position for sample 304. Although we do no yet have systematic results, we have noted that the PL energy does not follow the CdS band gap temperature dependence. Rather, as the temperature is lowered the peak first shifts to higher energy, then back towards lower energy. This behavior is consistent with that previous measurements of DAP recombination in CdS [12] .
Tellurium as an Isoelectronic Trap in CdS
Several authors have made systematic studies of the optical properties of CdS doped with tellurium [13] . Cuthbert and Thomas varied the Te concentration from less than 2 x 1 O I 8 cm-3 to greater than 3 x 1020 cmB. In the lightly doped samples the PL was dominated by a peak at 600 nm which they attributed to holes trapped on an isolated substitutional Te on a sulfur site. As the Te concentration was increased the 600 nm band disappeared and a peak at 730 nm became dominant. Based on the kinetic properties of this luminescence band they identified it as DAP recombination with the hole trapped at a deep level composed of two tellurium atoms on adjacent sulfur sites. The linewidth, lifetime, and spectral shift they reported for this peak all agree well with our results. The study by Roessser reported very similar results and repotted a method of determining the Te concentration based on the PL linewidth.
The high level of correlation between our experiments and those discussed above make it very likely that the DAP PL we have observed is due to the double-tellurium hole trap which Cuthbert and Thomas discussed. If we refer back to the PL spectra shown in fig. 2 we note that the 750 nm PL which is so prominent in the CdTe/CdS samples is completely absent in the CBD-CdS sample. Instead the PL for the CBD-CdS is centered at 550 nm and has a much narrower linewidth. Although we have not studied the kinetics of this PL band, it is clear that the deep trap states found in the CdTe/CdS samples are absent prior to CdTe deposition. We consider this very strong evidence for the argument that the 750 nm PL band is associated with tellurium diffusion into the CdS window layer.
Conclusions
Our studies of TRPL and TRDA on a set of samples with systematic variations in their CdS layers have led to the conclusion that the dynamics of carriers photoexcited in the CdS layer are dominated by a high density of hole trapping states which are associated with diffusion of tellurium into the CdS during CdTe growth and annealing. Based on detailed studies of the kinetics of PL and absorption we have arrived at a model of hole traps which undergo a large Franck-Condon shift when they are occupied. Therefore, these Te defect centers act as radiative recombination centers and shorten the lifetime of holes in n-CdS. Comparisons between different samples and with prior studies lead to the conclusion that the hole trap is caused by tellurium atoms substituting for nearest-neighbor sulfur layer we have found that increasing the hole lifetime by a factor of 10 increased the J , , contribution from the CdS under contract No. DE-AC36-83CH10093 to NREL.
